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ABSTRACT 
 The purpose of this study was to identify the climatological variability in onset dates for 
the North American Monsoon in order to gain a better understanding of the North American 
Monsoon. The NARR reanalysis data set from 1979-2010 was used to supply daily rainfall totals 
in northwestern Mexico, one of the three major areas impacted yearly by the monsoon (Barlow 
1998). From this data, monsoon rainfall onset was defined as when daily precipitation surpassed 
2mm (Barlow 1998). This study strove to prove that the average monsoon onset was on or about 
the 1
st
 of July each year over the 30 year period, using the aforementioned NARR data and the 
established monsoon onset parameters. At the same time, monsoon season total rainfall data was 
collected, to use for later comparison. Over the course of the study, a large variability was found 
in the monsoon onset date, and thus, the study continued by attempting to find a atmospheric 
trigger that would indicate when monsoon onset was going to occur each year. 
 In order to compare the monsoon onset to various tele-connection patterns, the period of 
monsoon variability was broken up into five different periods, with the middle period 
representing 50% of the monsoon onset dates—the most common onset dates—and the periods 
on either side representing significant deviations from the mean. Each of the five periods of 
monsoon onset were then compared to various different indices including: variation in sea 
surface temperatures, the El Niño-Southern Oscillation (ENSO), the Pacific-North American 
Tele-connection Pattern (PNA), and the Pacific Decadal Oscillation (PDO). These indices were 
chosen because they had been identified in the literature as possibly contributing to the 
climatology of the North American Monsoon (Gao 2007, Adams 1997). Monsoon onset was also 
compared to Iowa summer rainfall totals, for the purpose of comparison with a mid-latitude 
system. The goal of these comparisons was to determine if a particular phase of a tele-connection 
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pattern or spike in sea surface temperatures (SST) or mid-latitude rainfall could be used to 
indicate when the monsoon onset would take place in Northwestern Mexico. 
 Following these lines of questioning, the study was able to determine that the average 
onset date of the North American Monsoon is 25 June, with a 40 day window of variability over 
the 30 years which were studied. Breaking the monsoon onset window into smaller periods 
allowed for a comparison between monsoon onset with monsoon total rainfall, Iowa season 
rainfall, sea surface temperatures, and other tele-connection patterns. The most significant 
correlation found was between early monsoon onset and above average sea surface temperatures 
in the Pacific Ocean, while other correlations were found regarding above average monsoon total 
season rainfall and the Pacific Decadal Oscillation. 
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CHAPTER 1. INTRODUCTION 
The purpose of this project has been to interrogate the inter-annual variability of 
precipitation in the North American Monsoon in order to more thoroughly understand the 
climatology of this event. The North American Monsoon is known for exhibiting substantial 
inter-annual variability (Englehart 2006), and this study strove to explain some of that 
variability. Through analysis of the North American Regional Reanalysis (NARR) rainfall totals 
from June to September this study strives to identify the average onset date of the North 
American Monsoon over the twenty-eight year period between 1983 and 2010. In addition, this 
study strove to identify: 1) trends in the variability of the onset date, 2) connections between the 
inter-annual variability of the NAM and Iowa summer season rainfall, 3) relationships between 
monsoon onset and Sea Surface Temperatures (SSTs), and 4) correlations between the NAM and 
major tele-connection patterns in the Pacific Ocean. Tele-connection patterns examined include 
the El Niño-Southern Oscillation (ENSO), the Pacific-North American Tele-connection Pattern 
(PNA), and the Pacific Decadal Oscillation (PDO). Monsoon precipitation was defined as any 
precipitation daily total of more than 2 millimeters (mm) based on the threshold defined in 
Evolution of the North American Monsoon System (Barlow 1998). Secondarily, this study sought 
to discern a connection between the onset of the North American Monsoon and the fluctuations 
in the El Niño-Southern Oscillation (ENSO) cycle, based on the ENSO index provided by the 
National Oceanic and Atmospheric Association (NOAA) on the Climate Prediction Center 
(CPC) webpage.  
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CHAPTER 2. LITERATURE REVIEW 
 A monsoon is a meteorological phenomena in which the wind direction over an area 
changes, commonly accompanied by a marked increase in precipitation. Since the monsoon set 
up typically persists for several months, it is commonly referred to as the annual ‘monsoon 
season’. While the most well known monsoon is the Asian Monsoon over the Indian 
subcontinent, monsoons occur at various locations across the globe, impacting not only Asia, but 
also Africa, Australia, and North America. 
 Monsoons develop in the summer, when the increase in surface temperature has different 
affects on large land masses and bodies of water which border them. Land has a lower heat 
capacity than water, so in the summer the land warms up much quicker than the water does. As a 
result, the air directly over the land is warmer than the air over the surface of the water. This 
leads to an atmospheric circulation where the warm air over the continent rises and the cooler air 
over the water sinks (Chen 2003). While the differential heating of the land and water describes 
the monsoon in part, it does not account for the entire atmospheric structure which encompasses 
the monsoon, and was studied in detail in the Chen 2003 article, Maintenance of Summer 
Monsoon Circulations: A Planetary-Scale Perspective. In this article, the differential heating was 
explained to be the first of three atmospheric characteristics which together comprised the 
monsoon. In addition to differential heating, a high center—called the monsoon high—develops 
at upper levels with a thermal low at lower levels over the continent. At the same time, an 
oceanic trough at the upper levels is coupled with an anticyclone at the lower levels over the 
corresponding adjacent body of water. Finally, there is a coincidence with the monsoon high and 
a divergent center, and similarly between the thermal low and a convergent center (Chen 2003). 
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 Taking into consideration the structure of the highs and lows in the atmosphere with the 
areas of divergence/convergence and the differential heating between land and water, it can be 
deduced that while the differential heating helps establish the monsoon circulation, it is the other 
atmospheric elements that sustain the monsoon for months each year. Dynamically, these three 
elements describe a balance between a vorticity source and a constant advection, which is seen in 
the atmosphere as a spatial quadrature between the divergent circulation and the monsoon high at 
upper levels over the continent and the corresponding monsoon low at lower levels (Chen 2003). 
Each monsoon shares this specific quadrature set up which allows the circulation over the 
continent to remain constant for a period of time, which in turn allows the monsoon to persist for 
several months.   
 The Asian monsoon has been studied extensively due to its massive scale and very 
pronounced effects upon the Indian subcontinent. However, North America also experiences a 
monsoon each summer which is worth studying. It is possible that the North American Monsoon 
is smaller than the Asian monsoon because it is suppressed by the global atmospheric circulation 
pattern whereas the Asian monsoon is enhanced by this pattern (Chen 2003), but the North 
American Monsoon, or NAM, has specific features which identify it as a monsoon system. In a 
1998 article Evolution of the North American Monsoon System, Barlow identified the land-sea 
thermal contrast between the Colorado and Mexico Plateaus and the large bodies of water 
adjacent to these landmasses, namely the Eastern Pacific Ocean and the Western Atlantic Ocean. 
Additionally, the North American monsoon circulation is comprised of an upper level monsoon 
anticyclone and a lower level monsoon anticyclone over northwest Mexico (Higgins et al 1997) 
which is another one of the identifying features of the monsoon. In total, there are four specific 
aspects of the North American monsoon which identify it as a monsoon. These include the single 
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season aspect of the precipitation in the affected area and the fact that the highest surface 
temperatures in the area occur immediately before rainfall onset (Barlow 1998), both of which 
are representative of the necessary land-sea thermal contrast previously described. Furthermore, 
the onset of the North American monsoon includes a reversal in the surface winds and strong 
upper level flow accompanying the establishment of an upper level high (Barlow 1998), which is 
indicative of the spatial quadrature needed to maintain the monsoon circulation. Therefore, even 
though the North American Monsoon is not as well known as the Asian monsoon or as large in 
scale, the North American Monsoon still qualifies as a monsoon circulation. In addition to the 
suppression of the NAM by the upper level global circulation as opposed to the same circulations 
enhancement of the Asian Monsoon, it is also possible that the NAM is smaller in extent than the 
Asian Monsoon because the east-west differential heating between the Western Atlantic Ocean 
(the Caribbean Sea) and the eastern tropical Pacific is much smaller than that between the 
western tropical Pacific and the north African continent (Chen 2003). From this, it can be 
deduced that the atmospheric circulation which comprises the North American Monsoon has the 
necessary qualifiers to be considered a monsoon, and that although it is much smaller than the 
proto-typical Asian monsoon, there are scientific explanations which do not preclude the study of 
the North American monsoon as a monsoon.  
 The area most affected by the North American Monsoon includes most of the American 
Southwest, Northern and Western Mexico, and the three bodies of water which border these land 
areas, the Eastern Pacific Ocean, the Western Atlantic Ocean, or Caribbean, and the Gulf of 
California. Once the land-sea thermal contrast across this area is established, the North American 
Monsoon is identifiable by a shift in the upper air pattern over the area, where a subtropical high 
develops over the American Southwest. Once the subtropical high develops over the American 
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Southwest; the predominant wind pattern over the area changes and transitions from the 
generally western direction--which had persisted over the winter—to southerly flow for the 
duration of the monsoon season (Grantz 2007). At the mid levels of the atmosphere, this wind 
shift is seen as a transition from westerlies to easterlies (Xu 2004). All of these factors together 
lead to a stable atmospheric circulation over the American Southwest and Northern and Western 
Mexico, which could be described as quasi-permanent, and persists from its establishment until 
September, when the monsoon season ends. This circulation allows moisture to be fed from the 
surrounding bodies of water into the atmosphere and then advected over Mexico and the 
Southwest United States (Adams 1997). This advection of moisture provides the increase in 
rainfall during a specific season which is typically associated with a monsoon pattern.    
 The unique shape of the landmass affected by the North American Monsoon means that 
the monsoon circulation draws moisture not from a single ocean but from three distinct bodies of 
water: the Pacific Ocean, the Gulf of California, and the Gulf of Mexico. Because the monsoon 
circulation draws moisture from all three bodies of water, the monsoon does not have one main 
source supporting rainfall, but three different sources (Barlow 1998).  This is important because 
this means that while it has been established that the North American Monsoon is a monsoon, it 
has a specific aspect which makes it unique from other monsoon systems. Because of this aspects 
of other monsoons development, life, impact, and dissolution at the end of the season cannot be 
taken instantly as applicable to the North American Monson. While the precipitation associated 
with the Asian Monsoon is commonly modeled, in the case of the North American Monsoon, 
predicting precipitation associated with the monsoon poses a considerable scientific challenge 
(Xu et al 2004). This is a direct result of the three different moisture sources associated with the 
NAM, and the variance between these moisture sources also leads to the unpredictable nature of 
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the North American Monsoon (Gao 2007). Therefore, in order to properly understand the North 
American Monsoon, research needs to specific to the NAM system, taking into account the three 
different moisture sources to gain an understanding of the different aspects of the North 
American Monsoon.  
 The North American Monsoon affects a large portion of the Southwest United States and 
Northern and Western Mexico. Specifically, this region includes the Colorado Plateau from the 
Mogollon Rim in Arizona to the Rocky Mountains as well as the Mexican Plateau defined by the 
Sierra Madre Occidental (SMO) in the west and the Oriental in the east. The onset of the North 
American Monsoon over this area was studied by Xu et al in the 2004 article, Model Climatology 
of the North American Monsoon Onset Period during 1980-2001. Studying the geography of the 
affected area showed that the region included two lowland areas: the lower Colorado river valley 
and neighboring low desert areas and the coastal lowlands of Sonora and Sinaloa Mexico, 
between the Gulf of California and the SMO. The presence of these areas is believed to help 
develop the thermal low (Xu et al 2004). With the thermal low set up, the next two steps in the 
establishment of the NAM each season included the rapid northward movement of the 
subtropical high over the North American plateau and the reversal of the lower level zonal wind 
field over the area (Xu et al 2004). This is consistent with the expected atmospheric structure of 
the monsoon system.  
 The three moisture sources which make the North American Monsoon distinct from other 
monsoon systems also makes the NAM difficult to model,  because the NAM is susceptible to 
smaller scale features, which would not typically be captured using global models. For this 
reason, to model the North American Monsoon in order to study onset a regional MM5 model 
was used (Xu et al 2004). Doing this allowed for the influence of each moisture source to be 
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analyzed through the data, while properly representing the geography of the region affected by 
the North American Monsoon. Because the monsoon occurs during the summer season and the 
purpose was to study onset, the model was run from 1 may to 31 july (Xu et al 2004). Looking 
over the monsoon over this entire period would not only identify onset, but would be long 
enough to identify the progression of the establishment of the North American Monsoon from 
the southernmost portions of the affected regions north into Arizona and New Mexico.   
 The region of the North American Monsoon is comprised mostly of desert, and rainfall is 
measured in relatively small quantities. Even during monsoon rains, rainfall in the region does 
not reach the larger numbers associated with the Asian monsoon. For that reason, when 
measuring monsoon onset, the threshold for the southern portion of the region was defined as 
more than 2mm a day for three days, while in the southwest United Sates, the threshold was set 
as more than 0.5mm a day over three days (Xu et al 2004).  Using these numbers, the onset of 
the monsoon was found to vary by about two weeks as the circulation established itself, moving 
south to north through the area. In the southern portions of the region by the Sierra Madre 
Occidental, where the monsoon threshold was more than 2 mm, the onset of the North American 
Monsoon was found to be 20 June. In the northern portions of the region, consisting of the 
Sonoran Desert in Mexico and central Arizona and New Mexico in the southwest United States, 
the onset was found to 8 July (Xu et al 2004). These numbers were found to consistent not only 
with model runs, but also with the available observed data. An attempt was made to draw a 
uniform correlation between the temperatures across the region and the monsoon onset, however 
it was found that while temperatures in Mexico were higher after the monsoon onset and then 
decreased with rainfall, this was not seen in the northern portions of the region. Instead it was 
found that in the northern portion of the region, the temperatures were higher before monsoon 
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onset, and did not taper off with increased rainfall (Xu et al 2004). Finally, the model also tried 
to help explain the effect that the three moisture sources had on the monsoon. It was already 
understood that a significant wind shift occurs over the region as the monsoon circulation was 
established at the beginning of each monsoon season. In the southern portion of the monsoon 
region, the lower level wind field reverses from westerly to easterly. As the subtropical high 
propagates north, a weakening in the wind flow over the northern portions of the monsoon region 
as well as the change in orientation to be southwesterly indicates that the Gulf of Mexico 
probably contributes the least of the three moisture sources (Xu et al 2004). Instead, the Gulf of 
California and the Eastern Pacific Ocean probably provide significantly more of the moisture 
which is seen as rain throughout the monsoon region.  
 In addition to monsoon onset, another feature of monsoon circulations which is typically 
studied is the interaction between monsoon circulations and global scale tele-connection patterns. 
Various patterns studied include the El Niño – Southern Oscillation (Deser 2012, Annamalai and 
Hamilton 2007, Adams 1997), The Pacific-North American Tele-connection pattern (Adams 
1997), the Pacific Decadal Oscillation (Deser 2012), and the Madden-Julien Oscillation (Lorenz 
and Hartmann 2006). The El Niño – Southern Oscillation, or ENSO, is a large circulation in the 
Pacific Ocean which leads to a dramatic shift in ocean temperatures. ENSO has two phases, each 
of which typically lasts one to two years and repeats every three to eight years (Deser 2012) 
Because of the way in which the atmosphere also changes during ENSO, the effects are 
transmitted across the globe to affect precipitation and temperature patterns in many different 
areas, including those affected by the various monsoons. In fact, a connection has been found 
between ENSO and the Indian summer monsoon, where sea surface temperature changes lead to 
noticeable changes in the onset of the monsoon in that region (Annamalai and Hamilton, 2007). 
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Because the sea surface temperature changes associated with ENSO are somewhat predictable, it 
is logical to think that variability in the onset of the Indian summer monsoon affected by these 
sea surface temperatures would also be predictable (Annamalai and Hamilton 2007). However, 
this line of inquiry was inconclusive. That being said, attempts have since been made to draw 
connections between either phase of ENSO and the North American Monsoon (Adams 1997), 
and have been inconclusive.  
 Further studies into ENSO have revealed connections between the variation in ENSO 
phases and the Pacific North American Tele-connection pattern (PNA). Because ENSO could 
possibly affect monsoons and the PNA affects ENSO, a study was made into connections 
between the PNA and the North American Monsoon (Adams 1997). Similarly, the area of the 
Pacific Ocean affected by ENSO is also impacted by the Pacific Decadal Oscillation, which has 
also been studied in relation to variations in the North American Monsoon (Deser 2012).  
 The Madden-Julian Oscillation (MJO) impacts low level waves that propagate across the 
country. It is possible that the MJO affects easterly waves propagating west to east from the 
Eastern Pacific Ocean to the Gulf of Mexico. In doing so, the MJO could assist in the 
development of a gulf surge in the Gulf of California, which would impact the amount of 
monsoon rainfall (Lorenz and Hartmann 2006). However, as with the ENSO, the PNA, and the 
PDO, more research needs to be done into these possible interactions between monsoons, and the 
North American Monsoon specifically, and global tele-connection patterns.         
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Figure 2.1 Area of the North American Monsoon (NAM). This includes the Southwest United 
States (specifically, the states of Arizona and New Mexico) and the area of Northwest Mexico. 
Also visible in this map are the three moisture sources for the NAM, which include the Eastern 
Pacific Ocean and the Gulf of California in the west, and the Gulf of Mexico to the east. 
Although all three of these water sources provide moisture to the NAM system, the majority of 
the moisture comes from the Eastern Pacific Ocean and the Gulf of California. 
http://i1.wp.com/www.7continents5oceans.com/wp-content/uploads/2015/02/North-
America2.png 
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CHAPTER 3. METHOD 
The first step in this process was to determine a control location to be used for comparing 
rainfall daily precipitation values across time scales. Data was collected on a daily total basis, 
and then combined into monthly and yearly totals for comparison. To do this, charts were created 
for each month in the target season (June-September) from 1983 to 2010 which showed total 
rainfall over Mexico and the American Southwest. From these monthly rainfall totals the 
location of maximum rainfall in the North American Monsoon region was identified for each of 
the target months in each year. The four monthly maximums for the various years were then put 
on one map per a month. That is, all of the June maximums on one map, all of the July 
maximums on another, so on and so forth. An example of this can be seen in Figure 3.1. From 
there, the average location of maximum rainfall for each month was chosen. These six points 
were then compared, and from this grouping the point to be used for interrogation throughout 
this experiment was chosen. This point was determined to be approximately 26°N by 107°W, 
which is located in a region of northwestern Mexico which is consistent with regions of study 
chosen in previous examinations of the NAM (Adams 1997, Xu 2004). In order to have a 
consistent point of comparison throughout the data set, this point in western Mexico was used 
singularly and as representative of the monsoon overall. It should, however, be noted that there is 
a disconnect between monsoon onset in western Mexico and the American Southwest which will 
be discussed later in this paper.    
The second step was to determine the maximum rainfall total at the comparison point for 
each day during the period of study (June-September, 1983-2010). To do this, NARR data from 
the NOAA archives was inputted into a Grid Analysis and Display System (GrADS) script which 
presented the raw numerical data in the form of a clickable color gradient map of North America 
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(NA). This allowed the user to select the desired grid point, and have the script read out the total 
rainfall at that grid point over each 24 hour period.  The grid point used was 26°N by 107°W, as 
previously discussed. Rainfall totals were read out by the script in millimeters. Each value was 
ingested into an Excel spreadsheet for later analysis.  
Originally, the years 1979 through 1982 were also intended to be included in this study. 
These additional years were intended to increase the data set to thirty years, which is considered 
to be the ‘climate’ scale, that is, the length of time at which changes in the weather are no longer 
considered decadal oscillations but instead are considered aspects of the over arching climate of 
the area. The thirty-one year period was selected because NARR data was available for the entire 
period. However, upon further interrogation, the NARR data for the first three years, 1979-1982, 
included many data gaps and inconsistencies. For this reason, the data from 1979-1982 was 
discarded in order to maintain the integrity of the data set.  
Once the data for 1979-1982 had been discarded, the remaining twenty-eight years of 
data was accumulated and ingested into an Excel spreadsheet for analysis. From this data, 
monthly rainfall totals were accumulated for each of the 112 months in question. The rainfall 
totals for June-September for each year were then combined into yearly seasonal rainfall totals. 
This data was then analyzed to determine monsoon onset for each year, a trend in monsoon onset 
variability, and average yearly seasonal rainfall total across the data set. All of these numbers 
were calculated for later use, and each season was plotted on a graph, showing the seasonal 
rainfall, on a daily scale, compared to the monsoon threshold. An example of this can be seen in 
Figure 3.2. 
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Figure 3.1. August Rainfall Epi-centers. The above plot shows all of the total rainfall maximums 
for the month of August for 1983-2010. Each circle represents a different year. A concentration 
can be seen in Northwest Mexico, in the location which was chosen as the point of interrogation, 
26°N by 107°W. 
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Figure 3.2. Monsoon Region Rainfall 1983. Figure 3. 2 shows the total rainfal1 at the point of 
interrogation in Northwest Mexico for each day of the NAM season in 1983.The x axis has the 
days of the monsoon season 1 June to 30 September plotted left to right, while the y axis shows 
measurments in millimeters (mm). The red line annotates the monsoon threshold, so that it can 
clearly be seen which days producded enough rainfall to be considered part of the monsoon.  
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CHAPTER 4. RESULTS 
Variability in Monsoon Onset Date 
The primary function of this study was to identify variability in the monsoon onset date. 
Monsoon onset has already been defined in previous studies using various thresholds based on 
the specific location of study within the greater NAM area. For the purpose of this study, the 
threshold used for monsoon rainfall was 2 millimeters of rainfall on three consecutive days 
(Barlow 1998, Xu 2004). The third day was considered the onset date of the monsoon. These 
dates were determined for each year, and plotted on the graph which can be found in Figure 4.1.  
The earliest date of monsoon onset for the period was found to be 5 June 1997 while the latest 
date for monsoon onset was found to be 15 July 1987.  From this, the variability in monsoon 
onset across the twenty-eight year period was found to be 40 days. With such a large range of 
variability, it raises the question as to if there is a larger pattern which determines this variability. 
The rest of the study strove to find a connection between monsoon onset days and a driver which 
lead to the variability in onset days. A trend line was applied to the graphed onset dates, which 
showed a slight trend towards earlier dates over the course of the period. This can be seen in 
Figure 4.2.  
Once each monsoon onset date was determined, it was assigned a value based on 
sequential calendar day. This was in order to find the average monsoon onset day throughout the 
period. The average onset date for the North American Monsoon between 1983 and 2010 was 
determined to be 25 June. This is consistent with other research, which found monsoon onset to 
be between 20 June and 8 July, depending on the specific location within the NAM area (Xu 
2004), and in one instance the onset date was identified as 26 June (Englehart 2006). It should be 
noted that the onset day determined here is specifically for the NAM in northwestern Mexico, as 
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the NAM in the Southwest United States has been shown to lag in onset day by as much as two 
weeks (Xu 2004). For the rest of this paper, whenever monsoon onset is referred to, it is 
specifically referring to the onset of the NAM in northwestern Mexico. With the average 
monsoon onset date defined as 25 June, the forty day period of variability around this date was 
divided into smaller groups based around 25 June. With 25 June considered the average 
monsoon onset date over the climate period, the dates 21 June - 28 June were considered the 
average onset range. This is deemed to be a reasonable conclusion based on the fact that 15 of 28 
monsoon onsets—or 53.57%—occurred within the 21 June - 28 June time frame. The forty day 
range of monsoon onset dates was then divided into smaller periods around the 21 June - 28 June 
“average” period in the following manner:  
 Before      13 June  Very Early Onset 
 13 June – 20 June  Early Onset 
 21 June – 28 June  Average Onset  
 29 June –   6 July  Late Onset  
 After          6 July    Very Late Onset 
 
Over the climate period examined in this study, 5 of the 28 monsoon onsets, or 17.85%, 
were determined to be early or very early onset dates. On the flip side of the data, 8 of 28 
monsoon onsets, or 28.58%, were found to be late or very late monsoon onsets. The total 
percentage breakdown can be seen in Table 4.3.  These results were then graphed to determine if 
there was a predictable mode of oscillation to the monsoon onset dates. No such mode presented 
itself in this data, though it can clearly be seen in Figure 4.4 that onset dates which fall into the 
‘early’ and ‘very early’ designation are 300% more prevalent in the first half of the data period 
than in the second half of the data period. 
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 This distribution of monsoon onset dates was then compared to the seasonal rainfall totals 
for each year in order to determine if there was a correlation between monsoon onset and the 
amount of rainfall over the course of the season. The complete results can be seen in Table 4.5. 
No correlation was found between early monsoon onset dates and above or below average season 
total rainfall, nor was any correlation found between average monsoon onset dates and above or 
below average season total rainfall. However, a slight correlation was found between later 
monsoon onset dates and below average season total rainfall. Of the years examined, 75% of the 
years with late monsoon start dates had below average season total rainfall. Furthermore, 50% of 
the years with very late monsoon start dates had below average season total rainfall. 
 
 
Figure 4.1 Monsoon Start Dates. Shows the monsoon onset dates for each season plotted. With 
time progressing with June at the bottom of the y axis and September at the top of the y axis. 
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Figure 4.2. Monsoon onset start date with trend line.  This figure shows the monsoon onset dates 
plotted with 1983-2010 moving left to right on the x axis and 16 June to 10 Aug moving bottom 
to top on the y-axis. A trend line has been applied to show that there is a trend toward early 
monsoon onset dates as years progress forward. 
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Table 4.1. This table shows the distribution of Monsoon Onset Dates for the North American 
Monsoon. Onset dates are divided into five onset periods: Very Early Onset, Early Onset, 
Average Onset, Late Onset, and Very Late Onset. For analytical purposes later, Onset dates are 
also divided into three broader periods: Early Onset, Average Onset, and Late Onset. In this 
second case, the parameters for ‘Average Onset’ remain the same, while all onset dates occuring 
before the average cut-off were considered ‘Early’, and all onset dates occuring after the average 
cut-off were considered ‘Late’.      
 
 
Distribution of Monsoon Onset Dates 
 
  
Start 
Date 
End 
Date 
# of 
Occurrences 
Percentage* Percentage** 
 
 
Average Onset 
Date 
25-Jun 
   
 
 
Very Early Onset 
Before 13-Jun 2 7.14% 
 
 
Early 13-Jun 20-Jun 3 10.71% 17.85% 
Onset 
Period 
Average Onset 21-Jun 28-Jun 15 53.57% 53.57% 
 
Late Onset 29-Jun 6-Jul 4 14.29% 
 
 
Very Late Onset 7-Jul After 4 14.29% 28.58% 
 
 
      
 
*With onset split into five periods 
 
**With onset split into three periods. 
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Figure 4.3. Monsoon Onset by Period. This figure shows the monsoon onset dates for each year 
represented by the period of onset in which that monsoon onset date occurred. Values were 
assigned with Very Early = 1, Early = 2, Average = 3, Late = 4, Very Late = 5. This was to show 
the prevalence and occurrence of each onset period. 
 
Table 4.2. Comparison between monsoon onset and total monsoon rainfall. This table shows the 
percentage of above and below season total rainfalls which occurred in congruence monsoon 
onsets in each of the defined onset periods. 
Comparison Between Onset Dates and Seasonal Total Rainfall 
 
 
  
Seasons with Above Average Seasons with Below Average 
   
Seasonal Total Rainfall Season Total Rainfall 
  
Very Early  50% 50% 
  
Early 33% 66% 
Onset 
Dates Average  46% 53% 
  
Late 25% 75% 
  
Very Late  50% 50% 
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Comparison to Iowa Summer Rainfall 
The same GrADS script which was used to read out the monsoon rainfall measurements 
was used to retrieve daily rainfall data for Keokuk, Iowa. This location was chosen because it 
was found to be a location of maximum rainfall over time in the Iowa area, using the same 
process as was previously employed to determine the location of consistent maximum rainfall for 
the monsoon rainfall readings, which was described earlier. As with the monsoon rainfall data, 
data for Iowa was collected daily and collated into monthly and yearly seasonal rainfall totals. In 
order for comparison, the months of data collected for the “season” in Iowa were also June-
September. This was in order to determine if there was any correlation between monsoon onset 
dates and Iowa rainfall during the period of the North American Monsoon.  There was a slight 
correlation between early monsoon onset and years where less rainfall than average fell during 
the summer months in Iowa. A full comparison can be seen in Table 4.6.  
 With no obvious correlation found in the comparison between monsoon onset dates and 
total seasonal rainfall in Iowa, the available data was compared in a different context. The years 
with above average rainfall during the monsoon were compared to years with above average 
rainfall in Iowa to see if there was any correlation to be found in the raw data. The results can be 
seen in Table 4.7 and Table 4.8 below. It was discovered that the highest correlation between the 
two data sources was that 63% of the time that there was above average rainfall between June 
and September in Iowa there was below average rainfall during the NAM, implying a possible 
inverse relationship between rainfall patterns in the two areas. This signal is not as strong on the 
reverse side of the data, however, with only 47.06% of years with below average June-
September rainfall also having above average NAM rainfall. 
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Table 4.3.  Comparison between monsoon onset dates and Iowa total rainfall between June and 
September. This table shows the percentage of above average season rainfall and below average 
season rainfall in Iowa which occurred with monsoon onset dates in each of the onset periods. 
 
Comparison Between Monsoon Onset Dates and Iowa Total Rainfall June-September 
 
   
Seasons with Above Average Seasons with Below Average 
   
Seasonal Total Rainfall Season Total Rainfall 
  
Very Early  0% 100% 
  
Early 33% 66% 
Onset 
Dates Average 46% 53% 
  
Late 50% 50% 
  
Very Late  25% 75% 
 
 
Table 4.4. Comparison between Iowa total season rainfall and NAM season rainfall. The 
following table provides a numerical comparison between the number of years with above or 
below average total June-September rainfall in Iowa and the number of years with above or 
below average season total rainfall in the NAM region. 
 
Comparison Of Iowa Total Season Rainfall and NAM Total Season Rainfall 
  
  
Monsoon Season Rainfall Totals 
 
 
  
Above Average Below Average 
 
Iowa Seasonal  Above Average 4 7 
 Rainfall Totals  Below Average 8 9 
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Table 4.5. Percentage comparison between Iowa total season rainfall and NAM season rainfall. 
Table 6.8 provides the same information as table 6.7, presented in percentage format.  
 
Comparison Of Iowa Total Season Rainfall and NAM Total Season Rainfall  
 
 
 
Monsoon Season Rainfall Totals 
 
  
Above Average Below Average 
 
Iowa Seasonal  Above Average 36% 63.63% 
 Rainfall Totals  Below Average 47.06% 52.94% 
  
 
Relationships with Sea Surface Temperatures (SSTs) 
 Temperature gradients in the atmosphere affect wind direction, atmospheric mixing, and 
speed. The NAM is determined by an overarching change in wind flow over Northwestern 
Mexico and the Southwest United States. One of the elements that affect this wind flow is the 
temperature gradient in the area of the NAM, and sea surface temperatures contribute to that 
temperature gradient. Two of the main moisture sources for the NAM are the Pacific Ocean and 
the Gulf of Mexico. Monthly Sea Surface Temperatures (SSTs) were plotted for each one of 
these moisture sources for the four months of interest, June-September.  
 In able to determine usable Sea Surface Temperature values, sea surface temperatures 
were plotted on a global chart using a basic GrADs script ingesting available data. This chart 
showed Sea Surface Temperatures across the globe’s oceans as isotherms with a one degree 
Celsius resolution. Each chart represented a single month in the time period of interest, June-
September 1982-2010. The isotherm closest to the land region of the North American Monsoon 
in each of the bodies of water was taken as representative of the sea surface temperature 
affecting that landmass. This information was then collected from the original charts into a data 
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bank and additionally consolidated into yearly averages. This was done for the simplicity of 
comparing between years and the different bodies of water considered. Once monthly and yearly 
values were taken from the charts, they were graphed with monsoon data in various ways. 
Examples of these plots can be seen in Figures 4.9 and 4.10 below. 
The monthly SSTs were consolidated to show the average SST for the body of water in 
question for each year of the period of study. With the average SST for each year determined, an 
average for both bodies of water over the twenty-eight year period was also determined in 
degrees Celsius. For the Pacific Ocean (adjacent to the western coast of Mexico) the average 
SST over the twenty-eight year period was found to be 25.83°C with a range from 21°C to 30°C. 
For the Gulf of Mexico (adjacent to the eastern coast of Mexico) the average SST over the 
twenty-eight year period was found to be 26.47°C with a range from 24°C to 30°C.  
With the average SSTs for the Pacific Ocean determined, years with above average and 
below average SSTs were compared to monsoon onset dates and monsoon total seasonal rainfall 
to determine if there was any measurable correlation. The data showed that 75% of the time there 
was a year with a late monsoon onset date, there were below average SSTs in the Pacific Ocean. 
When SSTs for the Pacific Ocean (PO) were compared to season total rainfall, the data showed 
that 76.92% of the time there was a year with below average monsoon season total rainfall, there 
were below average PO SSTs. Together, these results show that below average PO SSTs have a 
negative effect on the NAM. These comparisons can be seen in Table 4.11 and Table 4.12.  
 A similar process was applied to the average SSTs for the Gulf of Mexico and the 
comparisons can be seen in Table 6.13 and Table 6.14. When the average SSTs were compared 
to monsoon onset periods, data was split almost perfectly down the middle with no discernible 
correlation. The average SSTs for the Gulf of Mexico were then compared to above average and 
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below average monsoon season rainfall totals, which were again split almost perfectly down the 
middle. As the Gulf of Mexico is a secondary moisture source to the Pacific and has a smaller 
impact on the overall NAM system, it is not surprising that the comparison between the NAM 
data and the Pacific Ocean SSTs yielded stronger correlations than the comparison between the 
NAM data and the Gulf of Mexico SSTs. 
 
 
Figure 4.4.  Monsoon Region Rainfall for 1994 with SSTs. This figure shows the daily rainfall 
totals at the point of interrogation for the year 1994. The monsoon threshold of 2 mm can be seen 
here as a red line, so that days with more than 2mm rainfall is readily apparent. Plotted on the 
right hand y axis are sea surface temperatures in Celsius ( C ) for the Gulf of Mexico, and 
Eastern Pacific Ocean. 
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Figure 4.5. July total rainfall and SSTs per year in NAM region. This figure shows the total 
rainfall for the month of July for each year 1983-2010. Plotted on the x-axis are years 1983-
2010. Plotted on the left hand y-axis are seasonal rainfall totals in millimeters. Plotted on the 
right hand y-axis are SSTs in degrees Celsius (C). This was done to try and visually represent 
trends between SSTs and rainfall totals. 
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Table 4.6. Comparison between NAM onset dates and PO SSTs. The chart below shows the 
comparison between years with above and below average Pacific Ocean (PO) Sea Surface 
Temperatures (SSTs) with monsoon onsets during each of the monsoon onset periods.  
 
Comparison Between Onset Dates and PO SSTs 
   
 
Seasons with Above Average Seasons with Below Average 
   
PO SSTs PO SSTs 
  
Very Early  100% 0% 
  
Early 66% 33.33% 
Onset 
Dates Average  53.33% 46.66% 
  
Late 25% 75% 
  
Very Late  50% 50% 
 
 
Table 4.7. Comparison of  Pacific Ocean (PO) SSTs and NAM season rainfall. The chart below 
shows comparison of years with above and below average NAM rainfall totals with above and 
below average Pacific Ocean SSTs.   
 
Comparison Of Pacific Ocean SSTs and NAM Total Season Rainfall  
  
 
Monsoon Season Rainfall Totals 
 
 
  
Above Average Below Average 
 
PO SSTs Above Average 60% 40% 
 Signals Below Average 23.08% 76.92% 
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Table 4.8. Comparison between onset dates and Gulf of Mexico SSTs. The table below shows 
the comparison between years with above and below average Gulf of Mexico (GoM) Sea Surface 
Temperatures (SSTs) with monsoon onsets during each of the monsoon onset periods.  
 
Comparison Between Onset Dates and GoM SSTs 
   
 
Seasons with Above Average Seasons with Below Average 
   
GoM SSTs GoM SSTs 
  
Very Early  50% 50% 
  
Early 33% 66% 
Onset 
Dates Average  53.33% 46.66% 
  
Late 50% 50% 
  
Very Late  50% 50% 
 
 
Table 4.9. Comparison of Gulf of Mexico (GoM) SSTs and NAM total season rainfall. The table 
below shows comparison of years with above and below average NAM rainfall totals with above 
and below average GoM SSTs.   
 
Comparison Of GoM SSTs and NAM Total Season Rainfall 
  
  
Monsoon Season Rainfall Totals 
 
 
  
Above Average Below Average 
 
GoM SSTs Above Average 42.86% 57.14% 
 Signals Below Average 42.86% 57.14% 
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Connections to Major Tele-connection Patterns 
 El Niño-Southern Oscillation 
 The El Niño phenomenon in the tropical Pacific Ocean is probably one of the most well 
known atmospheric phenomena in the world. More specifically called the El Niño-Southern 
Oscillation, or ENSO, this phenomenon consists of warm and cold phases, where the layer of 
water at the surface of the ocean is pulled under a layer of water deeper in the column. This 
results in warmer or cooler water surface temperatures, depending on if the ENSO cycle is 
transiting to a warm or cold phase. Each phase typically lasts between 1 to 2 years and repeats 
every 3 to 8 years, with cold events being generally longer and weaker than warm events (Deser 
2012). Because of corresponding changes that occur in the atmosphere over the ocean in 
congruence with this event, the effects of ENSO are transmitted across the globe and affect 
precipitation and temperature patterns in many areas (Deser 2012). Due to the worldwide effect 
of ENSO and previous studies which have been done to examine possible connections between 
warm and cold phases of ENSO and other monsoonal systems (Li 2007, Annamalai 2007), a 
comparison was made between the NAM onset data found in this study and ENSO signals over 
the same period. Other studies have previously attempted to draw connections between ENSO 
and NAM and have been inconclusive (Adams 1997). Nevertheless, this study readdressed the 
possibility with a focus on potential connections between monsoon onset and ENSO.     
 The ENSO cycle is evaluated by NOAA on a regular basis and assigned a Multivariate 
ENSO Index (MEI) value every two months. These values range from 1 to 67 and are used to 
identify El Niño and La Niña events (www.esrl.noaa.gov). These MEI values were retrieved 
from the NOAA website and used to compare El Niño and La Niña events to the NAM onset 
dates determined in this study. Figure 4.15 shows the MEI values and Monsoon Rainfall graphed 
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together. The MEI index identifies weak, moderate, and strong thresholds for both El Niño and 
La Niña events. These thresholds are included on the graphs for completeness.  
 The El Niño (warm) and La Niña (cold) phases of the ENSO cycle were compared to the 
monsoon onset dates throughout the period of study. Fourteen of the years included were neutral 
ENSO years, meaning that MEI values did not meet the thresholds for an El Niño or La Niña 
event. Of the remaining fourteen years, there were no strong correlations between either ENSO 
phase and monsoon onset dates. The strongest correlation was that 50% of the time there was a 
Late or Very Late Monsoon onset date it was during the El Niño phase of the ENSO cycle. The 
full comparison can be seen in Table 4.16, with all correlation parameters analyzed to be equal to 
or less than 50%. Percentages this low do not indicate a strong correlation between monsoon 
onset dates and either phase of the ENSO cycle.  
 The El Niño and La Niña phases of the ENSO cycle were then compared to years with 
above average total NAM rainfall and years with below average total NAM rainfall. NAM 
rainfall totals were also compared to the years when there was no El Niño or La Niña phase. The 
results can be seen in Table 4.17 and Table 4.18 below. The strongest correlation found was that 
66% of the time when there was above average NAM total rainfall the ENSO cycle was between 
phases, with neither an El Niño or La Niña signal present. This information further reiterates the 
understanding that there is no strong relationship between the North American Monsoon and 
either phase of the ENSO cycle.       
 
Pacific-North American Tele-connection Pattern 
 As mentioned above, this study found no strong correlations between ENSO and the 
variation in onset dates of the NAM.  However, variation in ENSO phases has been shown to be 
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related to the Pacific North American Tele-connection (PNA) pattern. (Adams 1997). In turn, the 
PNA has been shown to have some correlation to above average rainfall in the NAM (Adams 
1997). Taking this into consideration, the positive and negative signals of the PNA were plotted 
on Figure 4.19 and compared to monsoon onset dates. The results can be seen in Table 4.20. The 
comparison found that for 100% of the years in this study when there was a very early monsoon 
onset date there was also a negative PNA signal. Of the years when there was a very early or an 
early monsoon onset date in this data set, 60% of the time there was a negative PNA signal.  
   The positive and negative phases of the PNA were also compared to above average and 
below average seasonal rainfall totals for NAM. These results can be found in Table 4.21 and 
4.22. This comparison found that 68.75% of the time there is below average total monsoon 
rainfall there is a positive PNA signal. This data is neither consistent nor inconsistent with earlier 
research due to the different parameters used.  
  
Pacific Decadal Oscillation 
 The same area of the Pacific Ocean which is affected by the ENSO tele-connection 
pattern is also affected by a tele-connection pattern in the North Pacific called the Pacific 
Decadal Oscillation (Deser 2012). As the ENSO and PNA patterns had already been compared to 
the monsoon onset dates, and the PDO is known to affect the same area as ENSO and the PNA, 
the PDO was also compared to monsoon onset dates.  
 The World Meteorological Organization (WMO) assigned negative and positive values to 
the PDO on a yearly basis based on SSTs (ds.data.jma.go.jp). These values for 1983-2010 were 
plotted, the average taken, and 50% above average and below average of the mean was 
determined. This can be seen in Figure 4.23. Monsoon onset dates were compared to above 
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average and below average signals of the PDO. These results showed that 80% of the time that 
there was an early or very early monsoon onset there was a below average phase of the PDO. 
This can be seen in Table 4.24 and Table 4.25.    
 The above average and below average signals of the PDO were then compared to the 
seasonal rainfall totals of the NAM from 1983-2010. This was done to determine if there was 
any connection between seasons with above average or below average rainfall totals and above 
average or below average PDO signals. These comparisons can be seen in Tables 4.26 and 4.27. 
It was found that 69.23% of the time there was a season with below average total season rainfall, 
there was a below average PDO signal. 
 
Figure 4.6. El Niño-Southern Oscillation Signal Values. The figure shows the ENSO signal 
plotted from Dec 1982 - Sept 2010 left to right across the graph. The y-axis on the left is the 
magnitude for ENSO signals. The wave like line is the ENSO signal. The thresholds for general, 
moderate, and strong El Niño are all seen as colored lines across the top of the page. Seasonal 
rainfall totals for the NAM are also plotted on the right hand side y-axis. 
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Table 4.10. Comparison between NAM onset dates and ENSO signal. The chart below shows 
the comparison between specific phases of the ENSO cycle and the onset phase in which each 
the monsoon onset date occurred.     
 
Comparison Between Monsoon Onset Dates and ENSO Signal 
   
 
El Nino Pattern 
 
La Nina Pattern 
   
  
Very Early  50% 10% 
  
Early 33% 0% 
Onset 
Dates Average  26% 13% 
  
Late 50% 25% 
  
Very Late  50% 25% 
     
 
Years with no strong El Nino or La Nina proclivity not included (14 of 28) 
 
 
 
Table 4.11. Comparison between NAM season rainfall and ENSO phase. The table below shows 
the comparison between phase of the ENSO cycle and above average season total rainfall and 
below average season total rainfall for NAM. 
 
Comparison Between NAM Total Rainfall and ENSO Phase 
 
  
El Nino 
Pattern 
La Nina 
Pattern 
Neither 
Phase 
  
NAM Total 
Rainfall 
Above 
Average 4 0 8 
Below 
Average 6 4 6 
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Table 4.12. Comparison between NAM total rainfall and ENSO phase. The table below shows 
the same data as Table 16.17, but presented as a percentage. 
 
Comparison Between NAM Total Rainfall and ENSO Phase 
 
  
El Nino 
Pattern 
La Nina 
Pattern 
Neither 
Phase 
 
  
NAM Total 
Rainfall 
Above 
Average 33.33% 0.00% 66.66% 
Below 
Average 37.50% 25.00% 37.50% 
 
 
Figure 4.7. The Pacific-North American Tele-connection Signal. The figure below shows the 
signals for the PNA plotted from 1983-2010. The x-axis on the left shows the negative and 
positive extent of the signals.  
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Table 4.13. Comparison between NAM onset dates and the PNA signal. The table below shows 
the comparison between positive and negative PNA signals with monsoon onsets and occur in 
each monsoon onset period. 
 
Comparison Between Monsoon Onset Dates and PNA Signal 
 
   
Positive Negative 
   
  
Very Early  0% 100% 
  
Early 66% 33% 
Onset 
Dates Average  66% 33% 
  
Late 50% 50% 
  
Very Late  50% 50% 
 
 
Table 4.14.Comparison of PNA signal and NAM season rainfall. The table below shows the 
numerical comparison between positive and negative PNA signals with above and below average 
NAM total season rainfall. 
 
Comparison Of PNA Signal and NAM Total Season Rainfall  
 
  
Monsoon Season Rainfall Totals 
 
 
  
Above Average Below Average 
 
PNA Positive 5 11 
 Signals Negative 7 5 
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Table 4.15. Percentage comparison of PNA signal and NAM season rainfall. The table below 
shows the same data as table 6.22 presented as a percentage. 
Comparison Of PNA Signals and NAM Total Season Rainfall  
 
  
Monsoon Season Rainfall Totals 
 
 
  
Above Average Below Average 
 
PNA Positive 31% 68.75% 
 Signals Negative 58.33% 41.66% 
  
 
Figure 4.8. Pacific Decadal Oscillation Signal 1979-2010. The figure above shows the signals 
for the PDO plotted from 1979-2010. The average signal is plotted, as well as thresholds for 50% 
above average and 50% below average signals. The y-axis shows the extend of positive and 
negative signals.  
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Table 4.16. Comparison between NAM onset dates and PDO Signal. The table below shows the 
comparison between positive, negative, average PDO signals with monsoon onset dates that 
occur in each monsoon onset period. 
 
Comparison Between Monsoon Onset Dates and PDO Signal 
 
   Positive Negative Average 
   
  
 
Very Early 
50% 50% 0% 
  
Early 0% 100% 0% 
O
nset 
Dates 
Average 33% 33% 33% 
  
Late 25% 75% 0% 
  
Very Late 75% 25% 0% 
 
 
Table 4.17. 2
nd
 Comparison between NAM onset dates and PDO signal. The table below shows 
the same comparison as Chart 6, but with the very early and early periods grouped together as 
well as the very late and late periods grouped together. This shows a stronger signal for a 
correlation between negative PDO signal and early monsoon onset dates. 
Comparison Between Monsoon Onset Dates and PDO Signal 
 
   Positive Negative Average 
   
  
 
All Early 
20% 80% 0% 
O
Onset 
Dates 
Average 33% 33% 33% 
  
All Late 50% 50% 0% 
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Table 4.18. Comparison of PDO Signal and NAM season rainfall. The table below shows the 
comparison between above average, average, and below average PDO signals with above 
average and below average monsoon season total rainfall. 
 
Comparison Of PDO Signal and NAM Total Season Rainfall 
 
  
Monsoon Season Rainfall Totals 
 
 
  
Above Average Below Average 
  
PDO 
Above Average 6 4 
 Signals Average 2 3 
 
 
Below Average 4 9 
  
 
Table 4.19.  Percentage comparison of PDO signal and NAM season rainfall. The table below 
shows the same comparison as Chart 6.2 presented as a percentage. 
 
Comparison Of PDO Signals and NAM Total Season Rainfall  
 
  
Monsoon Season Rainfall Totals 
  
  
Above Average Below Average 
 
 
PDO 
Above Average 60% 40% 
 
Signals Average 40% 60% 
 
 
Below Average 30.77% 69.23% 
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Statistical Analysis 
 A t-test was performed on the relationships between the tele-connection patterns and  
monsoon onset and/or total season rainfall that displayed  a more than 50% correlation. The first 
test rain was on the relationship between monsoon onset dates and the Pacific North American 
(PNA) Tele-connection pattern. The data showed that 60% of the time there was early or very 
early monsoon onset there was a negative PNA signal. Going through the data set, years that 
with both early/very early onset and  negative PNA were changed to having early onset, as if the 
negative PNA signal was turned off. This new data set was compared to the original set, however 
the t-test showed the correlation between early or very early onset and  a negative PNA signal to 
be not statistically significant. A statistical analysis was also run on the correlation found 
between the Pacific Decadal Oscillation and early or very early monsoon onset. The data showed 
that 80% of the time there was an early or very early onset the PDO was in a below average 
phase. A second data set was made simulating turning off the below average phase of the PDO 
during years when there was early or very early monsoon onset, changing monsoon onset to 
average. The new data set was then compared to the original data set, however, the t-test found 
this correlation not to be statistically significant.   
 Statistical analysis was also run on the comparisons between the tele-connections patterns 
and monsoon total rainfall that appeared to be significant. The first comparison analyzed was 
that between the El Niño- Southern Oscillation (ENSO) and monsoon rainfall. The data showed 
that 66% of the time there was above average monsoon total season rainfall, ENSO displayed 
neither a warm or cold system. For comparison, a data set was made where all years which had a 
warm or cold signal were changed to below average rainfall. This would indicate that all years 
without a warm or cold signal would have above average rainfall. However, the t-test on these 
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two data sets did not reveal this correlation to be significant statistically.  When the PNA was 
compared to total season rainfall, it was found that 68% of the time there was below average 
monsoon total season rainfall there was a positive PNA signal. A second data set was made 
simulating the positive PNA signal be turned off by changing all years with both below average 
rainfall and a positive PNA to having above average rainfall. These two sets were then compared 
using a t-test, which did not find the correlation to be statistically significant. Finally, the 
monsoon total season rainfall was compared to the PDO. In the data, it was shown that 69% of 
the time there was below average total season rainfall there was a below average PDO signal. A 
second data set was made simulating turning the PDO signal positive by turning all years with 
below average PDO and below average total rainfall to having above average total rainfall. This 
new data set was then compared to the original data set using the t-test. The t-test found the 
correlation between the below average total rainfall and the below average PDO not to be 
statistically significant, although it is worth noting that of all the analyses run, this one came the 
closest to being statistically significant.   
 The statistical analysis of the correlations between the onset and total rainfall of the North 
American Monsoon and the tele-connection patterns studied did not find any of the correlations 
found by the data to be statistically significant.  There are many factors that could have led to 
this, including the small size of the data set or the type of statistical analysis preformed. 
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CHAPTER 5. CONCLUSION 
The North American Monsoon is a meteorological phenomenon that occurs over 
Northwest Mexico and the Southwest United States between June and September each year. This 
event is characterized by a change in the wind flow over the area which allows moisture from the 
eastern Pacific, Gulf of California, and Gulf of Mexico to be advected over the area of the NAM. 
Over the past fifteen years effort has been made to expand the general knowledge of the 
monsoon with increased research into the pattern, moisture sources, and predictability of the 
North American Monsoon. However, none of this research has focused on the inter-annual 
variability of the monsoon onset date of the NAM.  
This research focused on the variability of the monsoon onset. NARR rainfall data was 
collected for each day between June and September from 1983-2010. Originally, the 1979-1982 
data was also collected, but was discarded due to the gaps in that data set. The rest of the data 
was analyzed to determine monsoon onset for each year using the threshold of 2mm for 3 
consecutive days and for season total rainfall. From this data, the variability of the monsoon was 
further understood and multiple comparisons were made to other tele-connection patterns.  
Using the threshold of 2mm of rainfall per day for 3 consecutive days, the monsoon onset 
date was determined for each year in the data set. It was determined that the average monsoon 
onset date over the entire period was 25 June. However, there was great variability in the onset 
date, with onset dates over the period ranging over a forty day period, with the earliest onset 
being 5 June and the latest one during the period being 15 July. The forty day range of onsets 
was divided into five groupings centered around the average monsoon onset date, with 53.57% 
of the monsoon onset dates occurring during the average onset window of 21 June to 28 June. No 
mode or trend in variation was discernible during the period, though it could be seen that 
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monsoon onset is generally becoming progressively earlier in the year over the period of years 
examined in this paper.  
Both the monsoon onset date of the NAM and total season monsoon rainfall for the NAM 
were compared to Iowa total rainfall between June and September each year. No significant 
correlation was found between NAM onset dates and rainfall in the state of Iowa during the 
monsoon. However, comparisons between total monsoon rainfall and rainfall in Iowa found that 
63% of the time there was above average rainfall in the state of Iowa between June and 
September, there was below average monsoon rainfall in the NAM region that same year. The 
reverse of these two parameters were not as strongly correlated. 
Sea Surface Temperatures (SSTs) for two sources of moisture for the NAM, the Pacific 
Ocean and the Gulf of Mexico, were analyzed for each month June through September for each 
of the twenty-eight years in the study period. Average SSTs for each moisture source were 
determined, and each year was evaluated as above or below average, and this data was compared 
to monsoon onset dates and monsoon total rainfall. No correlation was found between Gulf of 
Mexico SSTs and monsoon onset dates or seasonal rainfall totals. When Pacific Ocean SSTs 
were compared to monsoon onset dates and seasonal rainfall totals, however, strong correlations 
were found between below average SSTs in the PO and below average monsoon total rainfall, 
and between below average PO SSTs and late monsoon onset dates.   
Monsoon onset date and total season monsoon rainfall was also compared to variations in 
the ENSO phases, positive and negative cycles of the PNA, and above average and below 
average readings from the PDO. Previous studies had indicated that there was believed to be a 
connection between the NAM and ENSO phases, but no such connection could be found. This 
study attempted to establish a connection between monsoon onset dates and ENSO phases, but, 
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consistent with other studies, was unable to determine a significant relationship between either 
ENSO phase and the NAM. Connections between the PNA and PDO phases were also compared 
with the monsoon onset dates for NAM. The strongest correlation was found to be between the 
monsoon onset and the PDO. 80% of the time there was an early or very early monsoon onset; 
there was a below average phase of the PDO.  
 The North American Monsoon is a meteorological phenomenon that occurs every 
summer between June and September and provides 60% of the year total rainfall to Northwest 
Mexico and the Southwest United States. From this study, it was determined that the start dates 
for the NAM over the period of study varied over forty days, with the average monsoon start date 
between 1983 and 2010 being 25 June. 53.57% of monsoon onset dates occurred during the 
seven day window which was centered around 25 June, that is, between 21 June and 28 June. 
There was no strong correlation between monsoon onset and rainfall in Iowa or with the El Niño-
Southern Oscillation or the Pacific North American tele-connection pattern. Similarly, no strong 
correlation was found between above or below average NAM seasonal rainfall totals and Iowa 
rainfall or the ENSO and PNA tele-connection patterns. The third tele-connection pattern that the 
NAM was compared to was the Pacific Decadal Oscillation, which yielded the strongest 
correlations found in this study. While there was no strong correlation between above average or 
below average NAM rainfall and the PDO, it was determined that there was a correlation 
between early monsoon onsets and below average PDO signals.      
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